Aims: To evaluate a semi-quantitative technique for the enumeration of Salmonella in the environment of layer flocks, and to compare findings with those of a standard qualitative technique.
INTRODUCTION
Salmonella enterica serovar Enteritidis came to prominence as a major food-borne pathogen in Europe and America during the 1980s (Hogue et al. 1997; Baumler et al. 2000; Velge et al. 2005) . By 1997 it was implicated in over 70% of cases of human salmonellosis in England and Wales (Cogan and Humphrey 2003) and, despite a recent decline in incidence, it is the serovar most commonly isolated from gastrointestinal infections in the UK (Anon 2005) and remains amongst the most significant Salmonella serovars in public health elsewhere, including North America (CDC 2004) . Poultry products, especially undercooked and raw eggs, have been a major risk factor for human infection with S. Enteritidis (Coyle et al. 1988; St Louis et al. 1988; Hogue et al. 1997; Palmer et al. 2000; CDC 2004; De Buck et al. 2004) . S. Enteritidis, particularly phage type 4, has a particular affinity with the reproductive tract of the chicken and is more able to cause long term colonisation of the reproductive tract and become deposited within egg contents than other invasive serovars (Berchieri et al. 2001; Okamura et al. 2001; Amy et al. 2004; GuardBouldin et al. 2004) . External contamination of the shell and bacterial penetration of the egg is also a concern (Messens et al. 2005) .
Improved biosecurity and hygiene in the UK poultry industry and vaccination of the majority of commercial laying birds and broiler breeders, introduced in the mid to late 1990s, has been followed by a large reduction in reported incidents of S. Enteritidis in poultry and in humans (Anon 2000) . Similar improvements have also occurred in some other countries (Wegener et al. 2003; Marcus et al. 2004; Mumma et al. 2004) but there is still a significant reservoir of infection in commercial laying flocks (Adak and Gillespie 2004; Crespo et al. 2005) . Current controls implemented in the United Kingdom on breeding flocks should ensure that commercial day old chicks are free from S. Enteritidis when placed on farm. Therefore, persistence of contamination on commercial laying farms is currently considered to be the predominant problem (van de Giessen et al. 1994; Davies and Breslin 2003a; Gradel et al. 2004) . It is thought that selection for productivity and the immunosuppressive effect of the onset of lay may make laying birds especially susceptible to S. Enteritidis (van Eerden et al. 2004; Wigley et al. 2005) . Vaccination and other interventions such as feeding competitive exclusion products do not reliably eliminate infection (Davies and Breslin 2003b; Davies et al. 2003) , and their effectiveness is reduced where there is a heavy environmental challenge (Davies and Breslin 2003a, 2003b ).
Environmental sampling has been shown to be an accurate indicator of the presence of Salmonella in poultry flocks (Poppe et al. 1992; Altekruse et al. 1993; Davies and Breslin 2001; Kinde et al. 2004) and there is good agreement between the level of environmental contamination and the prevalence of caecal infection, the level of internal egg contamination, and associated human disease (Altekruse et al. 1993; Henzler et al. 1994; Henzler et al. 1998) . Whilst there have been several surveys examining the prevalence of Salmonella contamination of poultry houses, only occasional studies (Davies et al. 1998; Mallinson et al. 2000) have attempted to assess the numbers of Salmonella in the flock environment. Such an approach has potential benefits in further clarifying the relative importance of sources and reservoirs of contamination, and of evaluating the success of interventions. The present report examines the sensitivity, accuracy and practicality of a semi-quantitative cultural technique in laboratory and field studies.
MATERIALS AND METHODS

Sample collection
Caged layer flocks that had previously been identified, through the Zoonoses Order Database or by personal contact, as having S. Enteritidis were approached. When permission for intensive sampling had been obtained, the flocks were visited and environmental samples were taken. For standard qualitative isolation (SS), samples were taken directly into 225 ml of buffered peptone water (BPW; Merck 1.07228) using gauze surgical swabs (Robinson Healthcare). Samples consisted of approximately 25 g faecal material, floor spillage from under cages and dust from within and around cages (10 to 15 g), surface swabs, rodent droppings (1 to 10 g) and flies from adhesive paper or contact insecticidal traps (1 to 2 g). Sterile swabs soaked in BPW were used to sample the surfaces (0.5 m 2 ) of egg belts and feeder troughs. Equivalent sites were sampled for semiquantitative culture (QS) on the same occasion, with bulked faeces (approx. 30 g) and dry environmental samples being collected into dry pots, and surface swabs from 0.1 m 2 deposited in 100 ml chilled BPW.
All solid samples were returned to the laboratory under ambient conditions on the day of collection and processed immediately. Swab samples taken into BPW were kept in a cold box at below 10 °C and also processed on return to the laboratory. Mouse carcasses were collected as available from one house and transported to the laboratory where the liver, spleen and intestines (2 to 3 g per mouse) were removed aseptically for culture.
Semi-quantitative culture (QS)
Experimental evaluation. S. Enteritidis PT4 from a commercial cage layer farm was grown overnight in Luria-Bertani nutrient broth. A 1 ml aliquot of the broth was added to 9 ml of BPW, and a decimal dilution series was prepared by successively repeating this step twelve times, adding 1 ml of each consequent dilution to 9 ml BPW. The growth end-point of the dilution series was determined by pre-enrichment of the remaining 9 ml of each dilution at 37 °C for 18 h and then sequential culture of a 0.2 ml aliquot on Diasalm (Merck 1.09803) and Rambach (Merck 1.07500) agars, as described previously (Davies and Breslin 2003a).
Aliquots (1 ml) of each of six dilutions (10 6 -to 10 11 -fold inclusive) of the broth were mixed with 10 g chicken faeces. The faeces were semi-quantitatively cultured using a dilution series, pre-enrichment and culture on selective agar, as described below for environmental samples. In addition, for each artificially inoculated faeces preparation, direct plating onto Rambach and XLT4 (Oxoid CM1061) agars of 10 µl aliquots from each element in the QS dilution series was performed prior to the pre-enrichment incubation.
Environmental and wildlife samples. Faeces (10 g) were mixed with 90 ml BPW and the mixture was vortex-mixed until thorough mixing and dispersal of the solids within the BPW was achieved. A 10 ml aliquot of this primary preparation was dispensed into a universal container, to serve as the first in a decimal dilution series which was continued by taking 1 ml from the primary preparation, mixing it thoroughly as above with 9 ml BPW and successively repeating this step five times, adding 1 ml of each consequent dilution to 9 ml BPW. Similarly, 10 g of other solid/dry samples were mixed with 90 ml BPW and dilution series in BPW were prepared. The BPW bathing the surface swabs was serially diluted also.
For all samples a pre-enrichment incubation at 37 °C for 18 h was performed on a series of preparations comprising: the primary mixture in BPW ('0'), a separate 10 ml aliquot of the same ('1'), plus the decimal dilutions ('2' to '7'). After incubation, 0.1 ml of each of preparations '0' and '1' were inoculated onto modified semi-solid RappaportVassiliadis agar with 0.01 % novobiocin (MSRV; Difco 218681) and incubated at 41.5 °C for 16 to 24 h. Preparations '3' to '7' were refrigerated. Where spreading opaque growth was seen on MSRV, a 1 µl loop from the edge of the growth was inoculated onto Rambach agar. Rambach and associated MSRV plates were incubated at 41.5 °C for 16 to 24 h. The plates were examined and any MSRV plates on which the growth had spread widely, but which were negative for Salmonella on the Rambach plates, were re-plated onto Rambach.
If Salmonella was isolated from either of the preparations '0' or '1' from any sample, then each element of the dilution series '2' to '7' was cultured using the MSRV/Rambach method.
The likely density of Salmonella in a sample was quantified in tenfold bands by reference to the QS 'score', this being 1+ the designated number of the most dilute preenrichment broth that yielded a positive result.
For solid samples, the calculated relationship was:
Salmonella density (cfu.g -1 ) = 10 (QS score-2) to 10 (QS score-1) For swabs, the relationship was:
Salmonella density (cfu.0.1m -2 ) = 10 (QS score-1) to 10 QS score
Where there was no growth in any dilution the QS score and Salmonella count were taken to be zero.
Standard culture (SS)
Samples in BPW were pre-enriched at 37 °C for 18 h and then cultured on selective and isolation media as for the QS technique. Presumptive Salmonella isolates were confirmed by complete serotyping at the Salmonella reference laboratory at VLA Weybridge according to the Kaufmann-White Scheme (Popoff 2001).
RESULTS
Evaluation of semi-quantitative culture
The broth culture yielded detectable growth up to and including the 10 9 -fold dilution, indicating an initial density of around 10 9 cfu.ml -1 . The numbers of Salmonella in the inoculated faeces derived from this, plus the semi-quantitative culture results, are presented in Table 1 . The findings indicate that, under experimental conditions, the QS technique had a detection limit in chicken faeces of 1 cfu.g -1 on a 10 g sample, and it provided a semiquantitative estimate either within the expected tenfold band or the one above. Direct plating of the QS dilution series failed to detect Salmonella at the concentrations tested, up to 10 2 cfu. g -1
Environmental and wildlife sampling
The standard versus semi-quantitative sampling and culture results are presented in Tables 2 and 3 Figure 2 . It can be seen that, for any site, there tended to be an upper limit for the mean QS score, which correlated with the percentage positive score at that site.
However, the mean QS score was often substantially below this limit at any particular site.
One sample type with an exceptionally high mean QS score relative to prevalence was flies from flock HM3/4 (O), with a mean of 5.2 from 7/11 positive bulked samples.
The mean and maximum QS scores from all sites are illustrated in Figure 3 , grouped by sampling site and with the order determined by the mean score from faeces. The majority of minimum QS scores were zero. It can be seen that there is no close relationship between mean and maximum scores. The highest scores (seven, indicating 10 6 -10 7 cfu per 2 g sample) were obtained from mouse faeces, mouse tissues at post-mortem, and flies.
Scores of seven were also obtained for some pooled poultry faeces but this related to larger (10 g) samples.
DISCUSSION
The present study examined a semi-quantitative culture technique in the laboratory and the field, as there is potential value in quantitative data about Salmonella contamination at individual sites within the environment of poultry flocks. It was also possible in many cases to take paired samples for a comparison between the semi-quantitative and standard qualitative methods.
Standard methods for the detection and enumeration of Salmonella in food are of less use when applied to environmental samples, due typically to low numbers of Salmonella being present against a background of high numbers of other environmental and enteric bacteria (Cason et al. 1997 (Cason et al. , 2000 Cox and Berrang 2000; Yamane et al. 2000; Jorgensen et al. 2002) . Current sensitive methods of culture and identification of pathogenic serovars of Salmonella from the environment utilise semisolid selective enrichment agars, such as MSRV, plus an isolation medium such as Rambach agar to separate and identify the organisms (Voogt et al. 2001) . A pre-enrichment step of culture in BPW broth is used to increase the sensitivity of the method, which forms the basis of the standard qualitative sampling (SS) method described above, although in some cases Salmonella may fail to achieve detectable numbers in pre-enrichment due to overwhelming initial competition or because of Salmonella strains which do not compete and grow well in mixed non-selective culture.
Quantitative culture can involve direct plating of the sample, or a diluted preparation thereof, with enumeration of colonies or detection of the growth end-point in a dilution series. In the present study, this approach proved insensitive when applied to chicken faeces, and a most-probable-number (MPN) based approach (Anon 1979; Dufrenne et al. 2001 ) was considered to be more appropriate. A semi-quantitative modification of the SS method, whereby a Salmonella growth end-point was determined by selective culture of a series of dilutions after they had undergone an 18 h non-selective pre-enrichment culture, was found to be suitable. This approach has also proved useful for the enumeration of tube MPN test will be exceeded (Smeltzer et al. 1980; Rigby 1982) , but the present technique covers an overall range of zero to 10 7 cfu.g -1 for solids and zero to 10 8 cfu.0.1m -2 for swabs.
Even MPN based approaches are likely to provide a significant underestimation of the number of organisms in the environment (Roussanov et al. 1996) because of clustering in microcolonies and sample variability (Andrews et al. 1983; Jetton et al. 1992) . By contrast, in some instances the QS technique over-estimated the concentration of Salmonella in experimentally-inoculated chicken faeces in the present study, which used dilution-enrichment. Dilution-enrichment is considered to be more accurate than total viable counts because of the inhibitory effects of the highly selective agars needed for direct counts on faecal and environmental material and loss of low numbers of Salmonella The logarithmic nature of the QS score scale facilitates the representation and assessment of data with a wide range of values, such as is commonly encountered with bacterial counts. Arithmetical mean QS scores for sampling sites are potentially useful as they average out variation at a site and allow trends to be examined more easily. However, as the scores are a logarithmic transformation of the underlying bacterial counts, the process of averaging over-represents the contribution of low counts and under-represents that of higher counts. Therefore the 'average' QS score of a site where the scores vary substantially (i.e. most sites) cannot be used as an indicator of the 'average' density of Salmonella, which is likely to be much higher. The apparent lack of correlation between maximum and mean scores in Figure 3 is probably a reflection of this relationship, plus intermittent shedding by long-term carrier birds (Gama et al. 2003; van Immerseel et al. 2004 ). An alternative calculation, involving the transformation of the scores back into nonlogarithmic counts before attempting to derive an average, suffers from the inaccuracy of having to choose an arbitrary figure within the tenfold range represented by each QS score to map the log data to. However, such a method would probably generate more realistic overall counts for a site, were that desirable.
The generation of semi-quantitative scores from multiple samples at each site allows a comparison to be made between the QS score and the prevalence of positive samples at each site. Such a comparison addresses the question of whether the semi-quantitative score adds significantly to the value of the qualitative data obtained, for if the qualitative prevalence data can be used to predict the semi-quantitative scores then there is limited value in performing a quantitative assessment. Examination of Figure 2 shows that where the prevalence of positive samples is high, the mean QS scores varied substantially, from one to five. At a low prevalence, the mean QS scores were low and less varied. Therefore, with the current data, the ability to predict mean QS score from prevalence at any site declines as the prevalence rises. Comparison of the prevalence of positive samples with the maximum QS score at a site ( Figure 2) shows little correlation between the values even at low prevalences; for example the series maximum score (seven) was recorded against a prevalence of 50 % whereas lower scores of between one and three were recorded against a prevalence of 100 %. This suggests that the proportion of positive samples from a flock environment is not accurately predictive of either the overall or the localised numbers of Salmonella present, except perhaps when there is a low prevalence. Further work with flocks with a low prevalence of Salmonella contamination would be needed to clarify this latter point.
When mean and maximum QS scores are compared between flocks and between sampling sites (Figure 3) , it can be seen that there is a trend of higher mean and maximum scores at several locations for some flocks compared with others. Moreover, when Salmonella was detected the range of QS scores derived was substantial, with maximum scores in the faeces, dust and feed categories varying between flocks by up to five, indicating a 10 5 -fold difference in bacterial counts. In general, levels of Salmonella in dust were lower than those in faeces despite a higher prevalence of positive samples. This supports the usefulness of dust as a screening sample for identification of Salmonella in laying houses (Gast et al. 2004 ).
The limited data from wildlife in the present study shows that a high (QS score seven) level of Salmonella was found in mouse faeces, flies and mouse carcases from all sample sets. Mouse faeces had the highest prevalence of positive samples but the highest mean QS scores were obtained from flies. The fly sample results from farm HM3/4 are notable because, despite 46% of 11 bulked samples being negative, the mean QS score 
TABLES
Figure 2
Note: there is considerable superimposition of data points.
Figure 3
Columns indicate arithmetical mean QS scores. Lines indicate maximum QS score.
